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Tetrathiafulvalene-oligofluorene star-shaped systems: new 
semiconductor materials for fluorescent moisture indicators 
Katrina Scanlan, a Alexander L. Kanibolotsky, b,c Benjamin Breig, a Gordon J. Hedley b and Peter J. 
Skabara *b 
A series of novel star-shaped oligofluorene-thiophene-tetrathiafulvalene systems have been synthesised, following 
different synthetic routes. Each system incorporates a tetrathiafulvalene redox-active centre and four oligofluorene arms, 
providing a two-dimensional character of the conjugated backbone. The oligomers differ in the number of fluorene units 
present in the arms (1 to 4) and the terminal groups at the end of each arm (H or trimethylsilyl). Half-unit oligofluorene 
systems possessing a 1,3-dithiole-2-one core (a known precursor to the tetrathiafulvalene centre) have been synthesised 
in order to compare the thermal, optical and electrochemical properties. These half-unit systems consist of a 1,3-dithiole-
2-one core fused to a thiophene unit at the 3- and 4- positions. Two oligofluorene arms consisting of 1 to 4 monomer units 
per arm are positioned at the 4- and 6- positions of the thiophene unit, affording extended conjugation through the 
thiophene centre. The half-unit systems are found to be moderate emitters in the solution-state, however, the star-shaped 
systems bearing the tetrathiafulvalene core exhibit inhibited fluorescence in both the solution and solid states. We have 
demonstrated that the emission of the tetrathiafulvalene systems can be enhanced through the oxidation of the redox-
centre followed by a consecutive reaction of the strongly electrophilic tetrathiafulvalene dication with such nucleophiles 
as water and hydrazine. The result of these reactions leads to an increase in the photoluminescence of these systems, 
affording the opportunity for the tetrathiafulvalene materials to be used as photonic materials in moisture indicators.
Introduction 
Tetrathiafulvalene (TTF) has gained much attention in its role 
as a molecular building block for electroactive organic 
materials since the discovery of the electrically conductive bis-
1,3-ditholium salt.1 This observation led to developments in 
TTF chemistry including the discovery of charge transfer 
complexes, notably the donor-acceptor complex employing 
TTF and tetracyano-p-quinodimethane (TCNQ) which 
demonstrated metallic conductivity.2 Further interest in 
organic conductors and semiconductors was focused on mixed 
valence (MV) state materials.3 
Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)-based MV 
states demonstrated multi-dimensional stacking interactions 
as a consequence of S···S non-covalent bonding, affording a 
record transition temperature for ambient pressure TTF-based 
superconductors.4 Further work surrounded the development 
of multi-dimensional systems that exploited intermolecular 
interactions.5, 6, 7, 8 The combination of hydrogen bonding and 
the propensity of TTF to form conductive aggregates was used 
in the design of conducting nanofibres and organogels.9, 10  
TTF based materials have been developed for potential use 
within various applications including organic photovoltaic 
cells,11, 12 cation sensors13, 14 and organic field effect 
transistors.15-17 Increasing the conjugation in TTF-based 
systems contributes to forming an increasingly polarisable 
species which is more likely to be involved in intermolecular 
interactions. Increasing the conjugation is also utilised in the 
stabilisation of the radical cation and dication which facilitates 
charge transport in the material. The extension of conjugation 
can be achieved through the incorporation of a conjugated 
spacer group between the 1,3-dithiole rings or by the fusion of 
conjugated polymer or oligomer chains to the peripherals of 
the TTF unit.18-21 The latter strategy led to development of 
donor systems that incorporated additional electroactive units 
into the system within close proximity to the TTF moiety, 
allowing for investigations into potential hybrid activity.22 In 
order to better understand the electronic properties of the 
doped species, conjugated oligomer arms have been employed 
rather than their polymer analogues.23 Conjugated oligomer 
chains increase the number of redox states available, produce 
well-defined redox signatures and allow any potential hybrid 
electroactivity to be observed.11, 21, 24, 25  
The monodisperse oligomer approach has been applied in the 
design of highly fluorescent star-shaped and dendritic 
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systems.25 Star-shaped oligofluorenes demonstrated excellent 
film-forming properties and high photoluminescence quantum 
efficiencies close or better than those of linear polyfluorenes,26 
which made them promising materials for applications in 
OLEDs,27 organic lasers28, 29 and solid state down-converters.30, 
31 The multidimensional architecture of these macromolecular 
systems provides a unique stability of both p- and n-doped 
states with possible applications in electrogenerated 
chemiluminescence (ECL).32, 33 Incorporating electroactive 
units within the arms of the star-shaped molecule34 creates 
the potential for multi-electron redox properties, with the 
radical-ion located on each branch of the doped conjugated 
system, which can be used for the design of efficient emitters 
for ECL.33 Herein, we highlight another strategy for the design 
of electroactive star-shaped oligofluorenes, where the TTF 
redox unit is positioned in the centre of the macromolecular 
conjugated system. The novel hybrid TTF-oligofluorene 
systems TTF-Fn-X (n=1-4, X=H or trimethylsilyl) feature a 2,2'-
bithieno[3,4-d][1,3]dithiolylidene core linked to four 
oligofluorene arms. The structures differ by the length of the 
oligofluorene arms (mono-, bi-, ter- or quater-) or by the 
terminal group functionality (H or trimethylsilyl (TMS)). 
Oligofluorenes bearing a thieno[3,4-d][1,3]dithiol-2-one 
central unit HU-Fn (n=1-2) have also been synthesised and 
characterised in order to compare the differences in thermal, 
optical and electrochemical properties. The synthetic routes to 
the new materials are detailed and their electronic, 
photophysical and thermal properties have been probed in 
order to determine their suitability towards moisture sensors. 
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Figure 1. General Structures of compounds TTF-Fn-X (n=1-4, X=H or TMS) and HU-Fn (n=1-2). 
Results and Discussion 
Synthesis 
Two synthetic strategies were used in the synthesis of the TTF-
oligofluorene systems, both employing a convergent approach. 
One strategy involves the synthesis of the TTF core using 1,3-
dithiole-2-one 1 as a building block (Scheme 1), and in the 
other method perbromo-2,2'-bithieno[3,4-d][1,3]dithiolylidene 
2 is used as a starting material (Scheme 2). The latter method 
was a more efficient strategy as it provided a faster route to 
target systems TTF-Fn-X with fewer synthetic steps and higher 
yields. 
The strategy that employed 1,3-dithiole-2-one 1 was based on 
a previously published procedure 24, 35 and employed a two-
fold sequential lithiation of vinylene trithiocarbonate (VTC) 1 
using LDA.THF, followed by the nucleophilic attack of lithium 
organic intermediates on mono- or bifluorene carbaldehydes 
3-4. The intermediate unstable diols were immediately 
oxidised using MnO2, forming the 1,3-dithiole-2-thione diketo 
compounds 5-6. The oxo-derivatives of these compounds were 
obtained through a transchalcogenation reaction with 
Hg(OAc)2 conducted at room temperature, affording 
compounds 7-8. Compounds HU-Fn (n=1-2) were prepared via 
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reductive Paal – Knorr thiophene synthesis using P2S5 as the 
reagent. Even in the presence of NaHCO3, the reaction 
condition was too acidic for preserving the trimethylsilyl 
substituents in the case of the conversion of compound 7, and 
as a result the desilylated product HU-F1 was obtained. A 
homocoupling reaction using freshly distilled P(OEt)3 afforded 
TTF-F1 and TTF-F2 in yields of 58% and 18% respectively.  
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Scheme 1. Synthesis of TTF-Fn (n=1,2) through a 1,3-dithiole-2-one core.  Reagents and conditions: (i) LDA.THF, THF, -55 °C; (ii) MnO2, CH2Cl2, rt, 1 min; (iii) Hg(OAc)2, 
CH2Cl2/CH3COOH (3:1 V/V), rt, overnight; (iv) P2S5, NaHCO3, 1,4-dioxane, 90 °C, 3h; (v) P(OEt)3, 125°C, 3 days;  vi) n-BuLi, TMSCl, n-BuLi, DMF, THF, -78 °C, overnight; 
(vii) n-BuLi, DMF, THF, -78°C, overnight.
Aldehyde 3 was prepared by a lithiation-trimethylsilylation-
lithiation-formylation sequence using 2,7-dibromo-9,9-dihexyl-
9H-fluorene 9 as a starting material (Scheme 1). Compound 4 
was prepared through the lithium-halogen exchange reaction 
of bromobifluorene 1026 with n-BuLi followed by the addition 
of dimethylformamide (DMF) as an electrophile. The 
preparation of 3-4 afforded yields of 50-60%. 
The convergent strategy for the synthesis of the TTF-Fn-X 
(n=1-4) series employing the Suzuki coupling protocol is 
presented in Scheme 2. Perbromo-2,2'-bithieno[3,4-
d][1,3]dithiolylidene 2 was used as a starting material and can 
be prepared in good yield through a homocoupling reaction of 
11 with triethyl phosphite.19 TTF-F1 was prepared through the 
Suzuki coupling of 2 to fluorenyl boronic acid F1B in a 
microwave-assisted reaction. Barium hydroxide was employed 
in excess as a strong base to encourage an efficient coupling. 
The temperature of the reaction was raised step-wise above 
the boiling point of THF to promote the four-fold coupling of 
the oligofluorenyl boronic acid. The same synthetic approach 
was used to obtain TTF-Fn-TMS (n=1-4) employing the same 
reaction conditions and using the corresponding oligofluorenyl 
boronic acids SiF1B-SiF4B. The yields for the TTF-Fn-X series 
using this method are all within 60-65%, with the exception of 
TTF-F4-TMS (yield 36%). 
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Scheme 2. Formation of the TTF-oligofluorene systems TTF-Fn-X. Reagents and 
conditions: (i) P(OEt)3, 125 °C, 2h; (ii) Pd(PPh3)4, Ba(OH)2.8H2O, H2O, THF, 140°C, 
2h 
The synthetic route to the fluorenyl boronic acid F1B and 
trimethylsilyl boronic acids SiF1B-SiF3B has previously been 
described in the literature.34 
 
Physical Characterisation  
Thermal Properties. Thermal gravimetric analysis (TGA; Figure S1) 
obtained for compounds TTF-F1 and TTF-Fn-TMS (n=1-4) showed 
good thermal stability with decomposition temperatures (Td, 5% 
mass loss) above 370 °C in an inert atmosphere (Table 1). The 
oligofluorene systems with more than one fluorene monomer per 
oligofluorene arm had thermal stabilities above 400°C. Larger 
systems TTF-F2-TMS, TTF-F3-TMS and TTF-F4-TMS were found to 
be the most thermally stable with thermal stabilities ranging from 
410-425 °C. Smaller TTF-oligofluorene systems, TTF-F1 and TTF-F1-
TMS had thermal stabilities of 377 °C and 385 °C, respectively. For 
comparison, compound HU-F1 had a Td of 374 °C and upon 
increasing the oligofluorene chain length by an extra monomer per 
arm, HU-F2 was found to have a higher Td of 410 °C. 
Table 1. Thermal properties of compounds HU-Fn (n=1-2) and TTF-Fn-X series. 
Compound MW (g mol-1) Tg (°C) Td5% mass loss) (°C) 
HU-F1 839.31 25 374 
HU-F2 1504.37 61 410 
TTF-F1 1646.63 65 377 
TTF-F1-TMS 1935.35 - 385 
TTF-F2-TMS 3265.48 83 411 
TTF-F3-TMS 4595.60 91 425 
TTF-F4-TMS 5925.73 96 417 
 
In differential scanning calorimetry (DSC) experiments (Figure 
S2), a glass transition temperature is observed for all 
compounds apart from the trimethylsilyl substituted 
monofluorene-TTF system TTF-F1-TMS. All TTF-core star-
shaped systems are amorphous materials with glass transition 
temperatures in the range of 25 to 96°C. The bifluorene unit 
containing the 1,3-dithiole-2-one core HU-F2 and its TTF 
analogue TTF-F2-TMS also possess a crystallisation and melting 
point in addition to the observed glass transition temperature. 
Compound HU-F1 has the lowest glass transition temperature 
at 25 °C, while the largest system in the series TTF-F4-TMS has 
the highest glass transition at 96°C. Similar trends have been 
observed in the T1-T4 truxene-oligofluorene systems,26 28 in 
which glass transition temperatures increase with higher 
molecular weight.  
 
Electrochemistry. The electrochemical properties of compounds 
HU-Fn and the TTF-Fn-X series are summarised in Table 2. The 
CV experiments for all compounds were carried out in 
dichloromethane maintaining the maximum potential of a scan 
no higher than 2.2 V versus Fc/Fc+ to avoid over-oxidation. The 
non-substituted monofluorene TTF system TTF-F1 exhibited 
three quasi-reversible waves upon oxidation with half-wave 
potentials of +0.30 V, +0.76 V, +1.09 V and one irreversible 
oxidation wave peaked at +1.28 V. The first two redox waves 
are ascribed to the TTF unit36, 37 and the last two are 
associated with the oxidation of fluorene-thiophene-fluorene 
conjugated segments. The trimethylsilyl substituted 
monofluorene-TTF system TTF-F1-TMS exhibited three quasi-
reversible oxidation waves with half-wave potentials of +0.34 
V, +0.81 V, +1.13 V and three irreversible oxidation waves with 
anodic peaks at +1.27 V, +1.36 V and +1.47 V. The formation of 
the radical cation and dication occurs at potentials similar to 
those for TTF-F1, which are in close proximity to the potentials 
known for tetramethyl-2,2'-bithieno[3,4-d][1,3]dithiolylidene 
(0.70 V and 1.14 V, vs SCE )38 considering that the formal 
potential of Fc/Fc+ redox couple in CH2Cl2 was reported to be 
0.46 V vs SCE.39 
In contrast, it was observed that in systems with more than 
one fluorene unit per oligomer arm (TTF-F2-TMS – TTF-F4-
TMS) only the first wave related to the oxidation of the TTF 
core was resolved; the second oxidation overlapped with the 
reversible two-electron wave corresponding to the oxidation 
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of 2,5-bis(oligofluorene)thiophene conjugated units. As the 
lengths of the arms increased, more reversible and quasi-
reversible oxidation waves were observed, demonstrating an 
improved stability towards p-doping in the system with longer 
conjugation paths. The anodic/cathodic peaks of the oxidation 
waves are presented in Table 2, with the voltammograms 
shown in Figure S3. 
The systems featuring the thieno[3,4-d][1,3]dithiol-2-one core 
flanked with mono- and bifluorene arms, HU-F1 and HU-F2, 
respectively, reveal a higher oxidation onset of around +0.7 V. 
The CV of HU-F1 shows one quasi-reversible wave at a half-
wave potential of +0.65 V and two irreversible waves with 
peak potentials at +1.11 V and +1.89 V; HU-F2 exhibits three 
reversible oxidation waves at half-wave potentials of +0.74 V, 
+0.90 V and +1.15 V. Compound HU-F2 is observed to be more 
reversible in comparison to HU-F1 as a consequence of its 
extended conjugation. The oligomer HU-F2 was the only 
oligofluorene to exhibit two irreversible waves at -2.35 V and -
2.48 V. For all other compounds only the reduction onsets 
were observed. 
The electrochemical HOMO-LUMO gap values for the systems 
containing the thieno[3,4-d][1,3]dithiol-2-one moiety HU-F1 
and HU-F2 were estimated to both be 2.97 eV, ca. 0.09 – 0.31 
eV higher than the corresponding optical HOMO-LUMO gap. In 
contrast, the TTF-cored star shaped systems were found to 
have HOMO-LUMO gap values within the range of 2.59 – 2.77 
eV, which are lower than the corresponding optical HOMO-
LUMO gap values by 0.03 – 0.13 eV due to the HOMO residing 
on the TTF central unit and not on the fluorene-thiophene 
conjugated segments. 
Table 2.  Electrochemical properties of compounds HU-Fn and TTF-Fn-X series, alongside the optical HOMO-LUMO energy gaps (Egopt) extracted from the corresponding absorption 
spectra. 
Compound Epox (V)a HOMO (eV)b Epred (V) LUMO (eV)b EgEC (eV)d Egopt (eV) 
[λonset (nm)]c 
HU-F1 +0.78/+0.52, +1.11, +1.89 -5.45 - -2.48 2.97 2.88 (430) 
HU-F2 +0.77/+0.72, +0.93/+0.88, +1.19/+1.12, 
+1.48/1.34 
-5.55 -2.35 
-2.48 
-2.58 2.97 2.66 (466) 
TTF-F1 +0.39/+0.21, +0.82/+0.69, +1.14/+1.04, 
+1.28 
-5.1 - -2.33 2.77 2.84, (436) 
TTF-F1-TMS +0.44/+0.24, +0.89/+0.74, +1.18/+1.08, 
+1.27, +1.36, +1.47 
-5.14 - -2.42 2.72 2.81, (442) 
TTF-F2-TMS +0.41/+0.23, +0.87/+0.80, +1.19/+1.02, 
+1.36/+1.21 
-5.12 - -2.53 2.59 2.72, (455) 
TTF-F3-TMS +0.57/+0.35, +0.93/+0.85, +1.17/+1.07, 
+1.54/+1.43, +1.64/1.55 
-5.26 - -2.57 2.69 2.72, (456) 
TTF-F4-TMS +0.61/+0.28, +0.84/+0.77, +0.99/+0.92, 
+1.31/+1.17, +1.49/+1.36, +1.59/+1.43 
-5.25 - -2.59 2.66 2.71, (457) 
 
a The positions of peaks on the forward/reverse scan vs. the Fc/Fc+ redox couple are given for reversible or quasi-reversible waves; for irreversible processes the peaks 
on a forward scan are presented. 
bThe electrochemical HOMO (LUMO) level was calculated using the half-wave potential of the first oxidation wave or the onset of the first irreversible reduction wave, 
taking into account that the HOMO of Fc is 4.8 eV 
c The optical HOMO–LUMO gap (Eg) has been estimated using the formula Eg = 1239.84/λonset from absorption onset (λonset) shown in the brackets (in nm). 
d The electrochemical HOMO-LUMO gap is estimated from the energy difference between the LUMO and HOMO levels. 
Optical properties. The absorption and emission properties of 
compounds HU-Fn and the TTF-Fn-X series in dichloromethane  
were investigated (Table 3, Figures S4 and S5). Compounds 
TTF-F1 and TTF-F1-TMS reveal main absorption bands with 
peak maxima at 372 nm and 384 nm, respectively (Figure 2). 
These intense absorption peaks are attributed to the π-π* 
transition occurring on the fluorene-thiophene-fluorene units, 
by analogy with the half-units HU-Fn. The main absorption 
peaks in the spectra of compounds TTF-F2-TMS and TTF-F3-
TMS positioned at 392 nm and 396 nm, respectively, are 
attributed to the π-π* transition occurring on the bifluorene-
thiophene-bifluorene units. It is suggested that the absorption 
of the 2,2'-bithieno[3,4-d][1,3]dithiolylidene (DT-TTF) core may 
contribute to the higher energy features around 320 nm in the 
absorption spectra of TTF-F1 and TTF-Fn-TMS (n=1-2).40 
Compound TTF-F2-TMS reveals an additional higher energy 
band at 360 nm. The extent of the conjugation which controls 
the main absorption band is limited to the bifluorene units on 
either side of the thiophene moiety; as the length of 
oligofluorene arms increases past this limit, the absorption of 
the oligofluorene arms contributes more to the spectra. This 
can be observed by the broadening of the absorption band and 
the overlapping of peaks in the spectrum of TTF-F3-TMS 
spectrum and, additionally, by a featureless absorption band 
at 375 nm in the spectrum of compound TTF-F4-TMS. The 
hypsochromic shift of the peak maximum shows that the 
oligofluorene units dominated absorption as the oligofluorene 
chain length increased. The position of the peak maximum is 
similar to that observed in the absorption spectrum of 
quaterfluorene molecules in dichloromethane.41, 42 By 
comparison, the monofluorene system containing the 1,3-
dithiol-2-one unit HU-F1 reveals a peak maximum at 378 nm, 
similar to its TTF-F1 analogue and consistent with absorption 
of the thieno[3,4-d][1,3]dithiol-2-one core extending over the 
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fluorenyl arms. The bifluorene analogue HU-F2 reveals a peak 
maximum red-shifted by 21 nm (λmax = 399 nm), when 
compared to HU-F1 denoting the effects of extended 
conjugation. Compounds HU-F2 and TTF-F2-TMS have similar 
absorption profiles, with the positions of the bands not 
changing significantly. 
Table 3. UV-Vis absorption data for HU-Fn and the TTF-Fn-X series in CH2Cl2. 
 Peak Maximum (nm) [log ε] / absorption onset (nm) 
Compound CH2Cl2 
HU-F1 378 (4.98) / 430 
HU-F2 319 (4.99), 354 (4.98), 398 (5.21) / 466 
TTF-F1 325 (5.19), 372 (5.27) / 436 
TTF-F1-TMS 328 (5.17), 384 (5.43) / 442 
TTF-F2-TMS 323 (5.54), 360 (5.65), 392 (5.73) / 455 
TTF-F3-TMS 394 (5.90) / 456 
TTF-F4-TMS 375 (5.79) / 457 
 
The UV-Vis absorption spectra of compounds HU-Fn and TTF-
Fn-X were investigated in the concentrations range of 1·10-7 - 
1·10-5 M and revealed no changes in the spectra.  
The fluorescence spectra for compounds HU-Fn and TTF-Fn-X 
in dichloromethane are shown in Figure 2, the peak maxima 
and photoluminescence quantum yield (PLQY) being collated 
in Table 4. All the TTF-core star shaped systems reveal two 
emission bands in the regions 440-480 nm and 500-550 nm. 
The relative intensity of these emission bands in all TTF-
bearing compounds TTF-F1 and TTF-Fn-TMS (n=1-4) was found 
to depend on the concentration of solutions (Figure S5). In 
solutions of these compounds at a low concentration of 10-7 
M, the shorter wavelength band is found to dominate the 
emission spectra. At higher concentrations (10-5 M) the longer 
wave band becomes dominant. This is a result of the 
aggregating ability of TTF43 which at high concentrations 
results in red-shifted emission. Although we did not observe 
any changes in the absorption spectra upon changing the 
concentration, vide supra, as we have seen with a star-shaped 
tetrakis(quaterfluorene)diketopyrrolopyrrole compound,44 the 
aggregation does reveal itself through changes in the 
photoluminescence (PL) spectra. The observation of 
aggregation by PL has also been reported for 
tetraphenylethene (TPE)-oligofluorene star-shaped systems.45 
Self-absorption leads to a small bathochromic shift of a few 
nanometres for the higher energy band in more concentrated 
solutions for all compounds, HU-Fn and TTF-Fn-X. In contrast 
to the TTF-cored oligofluorenes, compounds HU-Fn did not 
reveal any change in the shape of the emission profile in the 
range of concentrations 10-7 - 10-5 M. 
Table 4. Photoluminescence (PL) data and quantum yields (PLQY) for HU-Fn and the 
TTF-Fn-X series in CH2Cl2 solution and in the film 
Compound Peak Maxima (nm) [PLQY (nm)] 
CH2Cl2 Film 
HU-F1 439, 457 (<2 %) 466 (<1 %) 
HU-F2 457 (25.9 %) 467 (<1 %)  
TTF-F1 454, 476, 532 (<1 %) 488 (<1 %)  
TTF-F1-TMS 442, 519 (<1 %) 438 (<1 %) 
TTF-F2-TMS 455, 509 (<1 %) 437, 487 (<1 %) 
TTF-F3-TMS 455, 514 (~1 %) 442, 493 (<1 %) 
TTF-F4-TMS 460, 519 (1.2-1.4%) 437, 467 (<1 %) 
 
The absorption and emission properties of compounds HU-Fn 
and TTF-Fn-X in films drop-cast from 3 mg∙ml-1 solutions in 
toluene are shown in Figure 3. The absorption spectra of the 
materials all reveal unresolved bands due to broadening which 
arise as a result of the higher degree of aggregation occurring 
in the solid state. The positions of the absorption peaks do not 
change significantly, however the absorption onset of these 
films reveals a bathochromic shift as a result of the more rigid 
molecular structure in the solid-state. 
The emission spectra of TTF-cored star-shaped oligofluorenes 
TTF-Fn-X reveal band broadening and a hypsochromic shift of 
emission. In the solid-state, where there are extensive 
intermolecular interactions in the bulk, emission occurs from 
excited states in the conductance band to the valence band, 
leading to a broader band being observed. The hypsochromic 
shift is attributed to the confinement of molecules in the solid 
state, leading to a hindered structural relaxation within the 
excited state. In contrast, the emission spectra of compounds 
Figure 2. Normalised absorption and PL spectra of compounds HU-F1, HU-F2 and 
TTF-Fn-X in dichloromethane. λex (HU-F1) = 378 nm, λex (HU-F2) = 399 nm, λex (TTF-F1) 
= 372 nm, λex (TTF-F1-TMS) = 384 nm, λex (TTF-F2-TMS) = 392 nm, λex (TTF-F3-TMS) = 
396 nm, λex (TTF-F4-TMS) = 378 nm. Concentrations for the emission spectra: 1.3·10-
5 M (HU-F1); 1.3·10-7 M (HU-F2); 1.0·10-6 M (TTF-F1); 3.1·10-6 M (TTF-F1-TMS); 
1.0·10-6 M (TTF-F2-TMS); 1.0·10-6 M (TTF-F3-TMS); 1.0·10-6 M (TTF-F4-TMS). 
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HU-Fn in films reveal a featureless emission band with a 
bathochromic shift compared to the emission in solution. 
The hypsochromic shift in the solid state and the dependence 
of the shape of the emission profile on the concentration have 
been observed earlier for star-shaped oligofluorenes with a 
tetraphenylethene (TPE) core.45 
The electrochemical HOMO-LUMO gap values (Table 2) 
estimated for compounds bearing a TTF core TTF-F1 and TTF-
Fn-TMS (n=1-4) are in the range of 2.48 - 2.71 eV, showing that 
the gap is not significantly affected by extending the 
conjugation through additional fluorene units and that the TTF 
core is responsible for the initial oxidation of the materials. 
The oligofluorenes (HU-Fn), show an electrochemical HOMO-
LUMO gap of 3.02 eV and 2.89 eV, respectively. These values 
are higher than those observed for TTF-F1-TMS and TTF-F2-
TMS, showing the influence of TTF in decreasing the oxidation 
potential of these species. The optical HOMO-LUMO gaps for 
the TTF-bearing materials (TTF-F1 and TTF-Fn-TMS) are larger 
than the value calculated through the electrochemical 
method. In the determination of the HOMO-LUMO gap 
through electrochemical methods, the HOMO located on the 
TTF is not involved in the lowest π-π* transition. It has 
previously been suggested that as a consequence of low 
oscillator strength, the optical transition in the material could 
occur from the HOMO-1 orbital as opposed to the HOMO.11 
This reasoning would account for the higher energy optical 
HOMO-LUMO gap observed in these materials. Compounds 
HU-Fn, in which the TTF core is absent have a lower optical 
HOMO-LUMO gap (2.88 eV and 2.66 eV, respectively), than the 
value obtained from electrochemical methods. This difference 
in value is attributed to the energy required to overcome the 
electron-hole pair binding energy.46 
The photoluminescence quantum yields were determined 
from films of the materials HU-Fn and the TTF-Fn-X series and 
were found to be below 1.5% for all compounds. This 
quenching of emission is attributed either to the aggregation 
of molecules occurring within the solid state or the TTF core. 
The PLQY for compound HU-F2 (25.9%) in dichloromethane 
was significantly higher whilst TTF-bearing compounds in the 
solution-state exhibited PLQYs under 2%. Intramolecular 
photoinduced electron transfer47 might be responsible for the 
quenching of the oligofluorene fluorescence in these systems. 
 
Using doped TTF core as a switch for PL emission 
In order to investigate the possibility of tuning the emissive 
properties of the star-shaped oligofluorenes TTF-Fn-TMS in 
solution using the redox switchable TTF core unit, the PL 
spectrum of compound TTF-F3-TMS was compared before and 
after addition of the oxidising agent nitrosonium 
hexafluorophosphate. Nitrosonium hexafluorophosphate (2 
equivalents) was added to compound TTF-F3-TMS in CH2Cl2 (1 
× 10-6 M) and the PL spectrum measured at regular intervals. 
The emission spectrum of neutral compound TTF-F3-TMS 
revealed two bands, at 455 nm and 514 nm. On addition of the 
oxidant, the relative intensities of these two bands changed, 
with the shorter wavelength band beginning to dominate 
emission (Figure 4). As time increased, the longer wavelength 
band disappeared, and at t = 30 min the appearance of a 
shoulder at ~ 480 nm was observed. The intensity of the band 
at 455 nm continued to increase resulting in a time-dependent 
enhancement of emission. Hydrazine monohydrate was used 
as the reducing agent in an attempt to restore the neutral TTF 
unit. After the addition of hydrazine monohydrate, the PL 
intensity did not decrease but surprisingly was enhanced 
further, with the short wavelength emission increasing beyond 
the fluorimeter measurement range (Supporting Information 
Fig. S6). It is suggested that the irreversible increase in 
fluorescence of oxidised TTF-F3-TMS with time is a 
consequence of the strong electrophilic nature of the dication 
formed upon oxidation, which is susceptible to a reaction with 
traces of water or N2H4. In fact, the reaction involving the 
rearrangement of a TTF cation radical upon its reaction with 
water has previously been reported. 48, 49 In these reactions, 
the proposed mechanism describes a one-electron oxidation of 
the TTF centre affording an electrophilic cation radical which in 
the presence of water leads to the formation of hydroxylic 
functionality on the TTF centre. An additional one-electron 
oxidation affords a pinacol-type rearrangement of the system 
Figure 3. Normalised absorption and PL spectra of compounds HU-F1, HU-F2 and 
TTF-Fn-X in the solid state as films drop-cast from toluene at 3mg/ml. λex (HU-F1) = 
389 nm, λex (HU-F2) = 395 nm, λex (TTF-F1) = 373 nm, λex (TTF-F1-TMS) = 377 nm, λex 
(TTF-F2-TMS) = 367 nm, λex (TTF-F3-TMS) = 389 nm, λex (TTF-F4-TMS) = 370 nm.  The 
onsets of the absorption are marked, as well as the absorption and emission peak 
positions. 
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by a 1,2-sulfenyl shift which leads to a ring expansion, 
formation of a spirocentre and, after the loss of a proton, a 
carbonyl unit (Figure 5). 
The reactivity of the doped TTF unit can be used to tune the 
emission of the star-shaped based materials using water as an 
external stimulus, in order to create a solution-processable 
fluorescent moisture indicator. 
As a proof of concept for the ability of the TTF-oligofluorene 
materials to act as fluorescent sensors to moisture, an 
experiment was designed in which the TTF-F3-TMS 
monodisperse system was incorporated into a photocurable 
matrix. This was achieved by encapsulating the TTF-F3-TMS 
compound within a photoresist in a nitrogen filled glovebox 
environment, thus ensuring that the system was exposed to 
minimal levels of moisture and oxygen and additionally 
ensuring that the enhancement of emission observed in prior 
experiments did not occur prematurely. 
An ideal matrix should have minimal interference with the 
optical properties of the TTF-F3-TMS system for its application 
to be viable. As a result, the photocurable matrix was based on 
a previously developed negative photoresist which 
incorporated the cross-linking system 1,4-
cyclohexyldimethanol divinyl ether (CHDV) in combination 
with the photoacid generator (PAG), 4-
octyloxydiphenyliodonium hexafluoroantimonate.50 CHDV is 
devoid of aromatic groups which (i) increases the transparency 
of the system to UV radiation and (ii) decreases the potential 
of solvatochromatic shifts. An increase in transparency of the 
photocurable system is beneficial in maximising the 
photoexcitation of the TTF-oligofluorene system. Additionally, 
reducing the chances of solvatochromatic shifts ensures the 
spectral properties of TTF-F3-TMS are sustained. 4-
Octyloxydiphenyliodonium hexafluoroantimonate is beneficial 
in solubilising the TTF-oligofluorene system due to the 
presence of its long alkyl chains. The combination of PAG and 
CHDV is known to require deep UV-radiation to induce 
photocuring (Figure 6), affording a photoresist system which 
has over 90% transparency at 250 nm.50 
The CHDV/TTF-F3-TMS photocurable matrix was achieved by 
using 0.1 wt% PAG and 0.1 wt% TTF-F3-TMS. Larger quantities 
of the PAG (> 0.5 wt%) were found to cause uncontrollable 
polymerisation even without UV irradiation. 4-
Octyloxydiphenyliodonium hexafluoroantimonate was initially 
dissolved in a mixture of dry solvent of dichloromethane: 
toluene in a 1:1 ratio, affording better solubility of the 
photoinitiator in TTF-F3-TMS/CHDV solution. Due to the low 
viscosity of CHDV (4 cP), the method of drop-casting was used 
to prepare films onto fused silica substrate.51 The matrix was 
cured using short wavelength UV irradiation at 254 nm. 
The photocured CHDV/TTF-F3-TMS matrix fabricated within a 
glovebox environment was later exposed to water as an 
external stimulus, gauging the probability of the system as a 
fluorescent moisture indicator. Figure 7 presents a photograph 
of the film before (b) and after (c) exposing to water, along 
with the blank CHDV film without TTF-F3-TMS (a). The 
appearance of the film before and after exposure to water, the 
corresponding PL spectra (Figure S7), as well as PLQY 
measurements (Table 5), prove an enhancement in 
fluorescence due to the presence and subsequent reaction 
with water and that the materials designed in this paper can 
Figure 4. PL spectra showing the enhancement in emission of doped TTF-F3-TMS in 
CH2Cl2 (1.0·10-6 M) in the presence of water. Dopant used was NOPF6 in CH3CN (2 
equiv); λex = 396 nm. 
Figure 7. Photographs of the cured films prepared from blends: CHDV with 0.1 % of 
PAG (a); CHDV with 0.1 % of TTF-F3-TMS and 0.1 % of PAG before (b) and after 
exposure to water (c). 
Figure 5. Proposed rearrangement product according to references 48 and 49. 
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Figure 6. Cross-linking of the monomer CHDV by UV irradiation in the presence of a 
photacid generator (PAG). 
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be used for fluorescent moisture indicators. Since water clearly 
interacts with the TTF-F3-TMS in the matrix, our belief is that 
the PAG molecule is responsible for protonation or oxidation 
of the TTF core to create an electrophilic intermediate that 
reacts with water. Further work will be carried out to isolate 
the product of the rearrangement and to improve the 
response of the sensor towards the presence of water. The 
latter will include: (a) better control of the TTF-oligofluorene 
doping within the matrix; (b) design of a matrix that will 
provide better permeability for water molecules and a greater 
degree of freedom for TTF-F3-TMS in order to achieve a faster 
transformation of the TTF-core. 
Table 5. PLQY measurements of the cured blends 
 Blend composition PLQY, % 
a CHDV with 0.1% of PAG <1% 
b CHDV with 0.1% of PAG and 0.1% of 
TTF-F3-TMS before exposure to water 
0.8-1.2 
 
c CHDV with 0.1% of PAG and 0.1% of 
TTF-F3-TMS after exposure to water 
2.6-2.9 
 
Conclusions 
In conclusion, a novel series of TTF-fluorene star-shaped 
conjugated systems TTF-Fn-X were designed and synthesised. 
In contrast to other star-shaped oligofluorene systems, where 
we used the core unit for tuning the emission of the materials, 
the star-shaped oligomers described in this paper contain a 
TTF unit as the core structure. As expected, the fluorescent 
properties of the novel materials are poor both in solution and 
film. The TTF-cored star-shaped oligofluorenes were found to 
strongly aggregate in solution. While oxidised, the TTF core 
becomes extremely electrophilic and can react irreversibly 
with water to increase the PL emission of the oligofluorene 
arms, allowing for the newly designed star-shaped materials to 
be considered attractive for applications in fluorescent 
moisture indicators. 
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Increased emission through the oxidation of tetrathiafulvalene redox-active centres in star-
shaped oligofluorene structures.
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